Abstract. For fertilization using round spermatid injection (ROSI) in mice, oocytes need to be artificially preactivated because of the lack of oocyte-activating capacity in round spermatids of this species. However, when round spermatids were frozen-thawed before microinjection, 11-71% of injected oocytes developed into 2-cell embryos without any artificial activation. After being transferred into recipient females, 5-27% of these embryos reached term. At least some of the injected oocytes showed intracellular Ca 2+ oscillations, which normally occur after fertilization by mature spermatozoa. Thus, these round spermatids could transmit a sperm-borne oocyte-activating factor, which might have been released from spermatozoa and elongated spermatids in the same suspension by freezing and thawing. This possibility was further supported by activation of intact oocytes following transplantation of the pronuclei from ROSIgenerated embryos. Thus, one-step ROSI can be achieved in mice simply by injecting frozen-thawed round spermatids into intact oocytes. Clearly, there is a need for careful interpretation of microinjection experiments when assessing the oocyte-activating capacity of spermatogenic cells, especially when they are derived from frozen-thawed stocks. Key words: Calcium oscillations, Mouse, Oocyte activation, Round spermatid (J. Reprod. Dev. 57: [534][535][536][537][538] 2011) t is now accepted that intracytoplasmic injection techniques can be used in generating diploid mammalian embryos that can develop into full term offspring using the haploid male genome from mature spermatozoa and even from immature spermatids. Thus, normal offspring have now been born in 14 mammalian species using round spermatids recovered shortly after meiotic division [1] [2] [3] . The laboratory mouse has been used most successfully for round spermatid injection (ROSI) because of the ease with which a large number of oocytes can be prepared, the high survivability of oocytes after injection and the high ability of ROSIgenerated embryos to develop to term. Mouse ROSI experiments have been conducted not only for assessing the fertilizing ability of immature male germ cells but also for the 'rescue' of strains showing spermatogenic failure or for other practical applications in mouse genetics such as high-speed congenic applications [4] [5] [6] [7] . However, unlike conventional intracytoplasmic sperm injection (ICSI), ROSI in the mouse needs an additional step of artificial oocyte activation because mouse round spermatids have no oocyteactivating capacity [8, 9] . This is a technical drawback for application of mouse ROSI, because round spermatids should be injected into oocytes within a narrow time window of meiosis-telophase II-for the best results [10] . Another technical problem associated with ROSI is that oocytes from some inbred strains of mice such as 129/Sv are very insensitive to conventional activation stimuli and often arrest at metaphase II or metaphase III [11] .
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In ROSI experiments using frozen-thawed round spermatids, we found that many of the injected oocytes were activated without artificial oocyte activation and developed into 2-cell embryos on the next day. Furthermore, some of the embryos transferred into the oviducts of recipient pseudopregnant females developed into fullterm offspring. If this procedure can be shown to be reproducible and give a practical birth rate, it will offer an alternative approach to overcoming the above-mentioned technical drawbacks of mouse ROSI. Here, we confirmed that this one-step ROSI was reproducible using two combinations of mouse strains as sources of oocytes and round spermatids. Furthermore, we obtained corroborative evidence that these oocytes were activated by a sperm-borne oocyte-activating factor (SOAF) acquired from mature spermatozoa in the same frozen-thawed testicular cell suspension. First, we examined whether frozen-thawed treatment for testicular cells indeed induced activation of oocytes following ROSI using two different combinations of mouse strains as gamete donors (B6D2F1-ICR and B6-B6 female-male, respectively; see Table  1 ). Round spermatids were retrieved from frozen-thawed testicular cell suspension or from frozen-thawed testes, as previously described [6, 12] . As far as we examined, these two different freezing regimens did not cause any differences in the oocyte activation rates and the intracellular Ca 2+ oscillations. Therefore, we combined the results from these two groups together. When we used round spermatids that had been frozen-thawed and suspended in GL-PBS medium (see Methods), 71 and 48% of oocytes developed into 2-cell embryos in the B6D2F1-ICR and B6-B6 groups, respectively (Table 1) . These 2-cell rates were significantly (P<0.05) higher than those in control experiments using fresh round spermatids (24 and 16%, respectively; Table 1 ). After being transferred into recipient females, normal offspring were born in the frozen-thawed ROSI groups of both strains, but not in the con-trol fresh ROSI groups (Table 1) . By contrast, no or very few oocytes were activated following injection with frozen-thawed somatic cells or the medium from the same suspension (Table 1) .
Our next question was why the oocyte activation rates were increased when injected round spermatids had been frozen-thawed. Because injection with medium alone did not activate oocytes effectively (data not shown), some factors must have accumulated in injected round spermatids during freeze-thawing. There are two possible sources of oocyte activation-inducible molecules in the spermatogenic cell suspension: Ca 2+ in the suspension medium and SOAF in spermatozoa and elongated spermatids.
Although not yet confirmed by gene targeting, a current strong candidate for an SOAF is a novel sperm-specific isozyme of phospholipase C, PLCζ [13] . It is known that an SOAF or PLCζ, but not Ca 2+ itself, can induce Ca 2+ oscillations in the ooplasm after introduction into the ooplasm [14] . Ca 2+ oscillations are intracellular repetitive Ca
2+
waves that normally occur after normal fertilization by mature sperm in all mammalian species examined to date [13] . Therefore, in the next series of experiments, we measured the intracellular Ca 2+ levels in oocytes after they had been injected with frozenthawed spermatids. The results clearly indicated that at least some of these oocytes evoked typical Ca 2+ oscillations within 5-20 min after injection, albeit the frequencies were generally less than those induced by mature spermatozoa (Fig. 1 , Table 2 ). Some of the remaining oocytes showed a transient Ca 2+ rise. However, this was likely induced by a physiological response to an SOAF, not as a consequence of simple extracellular Ca 2+ influx by injection, because the rise was observed 16-30 min after injection or even later ( Fig. 1 and Table 2 ). Thus, it is very probable that oocytes injected with frozen-thawed round spermatids were activated by an SOAF derived from spermatozoa or elongated spermatids in the same suspension. This assumption was consistent with the finding that round spermatids retrieved from immature testes increased their oocyte-activating capacity as the donor mice matured from 25 to 27 days (Table 1) , which corresponds to the stage at which SOAF-containing elongated spermatids appear in the testes [15] .
Round spermatids that had been suspended in K + -rich nucleus isolation medium (NIM) containing no Ca 2+ (see Methods) had lower ability to induce Ca 2+ oscillations and development to the 2-cell stage than those suspended in GL-PBS (P<0.05; Tables 1 and  2 ). Although the reason for this difference is unclear, the presence of Ca 2+ in GL-PBS might have augmented the initial Ca 2+ rise after injection.
We next examined the developmental ability of the injected oocytes for another 72 h after measuring the intracellular Ca 2+ levels. The oocytes that had shown a repetitive Ca 2+ rise had a better developmental ability than those without a Ca 2+ rise, although no embryos could develop into blastocysts probably because of their long-term exposure to ambient temperature/air and excitation light during the experiment (Fig. 2) . There was no significant difference in the number of cells composing the morulae between the groups (6-30 cells).
It is known that when oocytes fertilized by spermatozoa enter zygotic interphase, an SOAF in the ooplasm is incorporated into the newly formed pronuclei. This was confirmed by transplantation of these pronuclei into intact oocytes. If the pronucleus contains an SOAF, the recipient oocyte will be activated by maturation-promoting factor (MPF) in the ooplasm following pronuclear breakdown [16, 17] . To further verify the involvement of an SOAF in our ROSI experiments, we undertook nuclear transplantation experiments using oocytes activated by injection with frozen-thawed round spermatids. About 65% of the oocytes were activated following the transplantation of pronuclei derived from oocytes activated by frozen-thawed spermatids (9/13 or 67% with male pronuclei; 4/7 or 57% with female pronuclei). By contrast, no oocytes were activated by transplantation of pronuclei derived from oocytes subjected to artificial activation with Sr 2+ (0/17). Taken together, it is very probable that at the time of ROSI using frozenthawed round spermatids, an SOAF released from sperm and/or elongated spermatids in the same suspension was somehow transferred with the round spermatid nucleus into oocytes, which were then activated and started normal embryonic development.
Based on these results, we propose a new mouse ROSI technique that can bypass the need for artificial oocyte activation. In the conventional ROSI protocol, round spermatids are injected into preactivated telophase-II oocytes so that premature condensation of the round spermatid nucleus can be avoided [10] . Chromosomal condensation prior to oocyte activation can result in extrusion of some of the paternal chromosomes in synchrony with the second polar body formation of oocytes [10] . As far as we observed, oocyte activation by injection with a frozen-thawed round spermatid did not cause formation of an extra polar body and, therefore, we may expect generation of normal diploid embryos in our proto- col. This is consistent with an observation by Kishigami et al., demonstrating normal birth of ROSI offspring by activating oocytes immediately after round spermatid injection [18] . Our results have another implication for studies on the oocyteactivating capacity of spermatogenic cells. In species where fresh specimens are not always available (e.g., monkeys and humans), frozen stocks of testicular samples are often used for such injection experiments. As shown in this study, a sperm-derived SOAF might be released into the suspension medium by freeze-thawing and then incorporated into the oocyte upon microinjection of spermatogenic cells. As it is difficult to exclude this possibility when injected oocytes are activated or show intracellular Ca 2+ rises, we should be careful in interpreting the results from experiments using frozen-thawed spermatogenic cells.
Methods

Preparation of oocytes and male germ cells
Female B6D2F1 and C57BL/6 (B6) mice (7-10 weeks old) were injected with 7.5 units of equine chorionic gonadotropin followed by injection of 7.5 units of human chorionic gonadotropin (hCG) 48 h later. Metaphase (M) stage II oocytes were collected from the oviducts 15-17 h after hCG injection and were freed from cumulus cells by treatment with 0.1% hyaluronidase in CZB medium [19] . The oocytes were transferred to fresh CZB medium and incubated at 37 C in an atmosphere of 5% CO2 in air for up to 90 min before ROSI. Spermatogenic cells were frozen in a whole testis or separately in a cryoprotectant solution. For the former, a testis was put into a 2-ml polypropylene cryotube and transferred into a deep freezer (-80 C) with a freezing container (Bicell; Nihon Freezer, Osaka, Japan) [6] . For the latter, spermatogenic cells were isolated mechanically using the method originally developed for hamsters [20] . Briefly, testes were placed in erythrocyte-lysing buffer (155 mM NH4Cl, 10 mM KHCO3, 2 mM EDTA, pH 7.2), and the tunica albuginea was removed. Seminiferous tubule masses were transferred into cold (4 C) Dulbecco's phosphate buffered saline (PBS) supplemented with 5.6 mM glucose, 5.4 mM sodium lactate and 0.1 mg/ml of polyvinyl alcohol (polyvinylpyrrolidone, PVP, in the original report) (GL-PBS) [20] , cut into small pieces and pipetted gently to disperse the spermatogenic cells. Then, the cell suspension was filtered through a 38-μm nylon mesh and washed three times by centrifugation (200 × g for 4 min). After centrifugation, the pellet was resuspended in GL-PBS containing 7.5% glycerol and 7.5% fetal bovine serum. About 1 ml of the cell suspension was placed in a 2-ml cryotube and frozen to -80 C within a freezing container in a freezer. On the day of the experiment, a cryotube containing a whole testis or separated spermatogenic cells was placed in a water bath at room temperature, and a spermatogenic cell suspension for injection experiments was prepared as reported [6, 12] . In some experiments, spermatogenic cells were suspended in K + -rich NIM containing no Ca 2+ [21] .
Round spermatid injection
ROSI was performed using a Piezo-driven micromanipulator (Prime Tech, Ibaraki, Japan) as described previously [22] . The cover of a plastic dish (Falcon No. 1006; Becton, Dickinson and Company, Franklin Lakes, NJ, USA) was used as a microinjection chamber. Several small drops (~5 μl) of Hepes-buffered CZB with or without 10% PVP were placed on the bottom and covered with mineral oil. Spermatogenic cells were placed in one of the PVP droplets. Injected oocytes were cultured in CZB medium at 37 C in an atmosphere of 5% CO2 in air.
Measurement of intracellular Ca
2+
The Ca 2+ response of spermatids-injected oocytes was investigated by a Ca 2+ -imaging method using a confocal laser scanning microscope system (Nikon D-ECLIPSE C1, Nikon, Tokyo, Japan). MII-stage oocytes were loaded with the Ca 2+ indicator dye, 5 μM Fluo-4 AM (Dojindo, Kumamoto, Japan), in CZB medium for 20 min at 37 C under 5% CO2 in air. Loaded oocytes were washed with CZB medium and subjected to ROSI. Then, microinjected oocytes were transferred to a dish for the Ca 2+ imaging system set on another inverted microscope. The intracellular Ca 2+ responses of oocytes were measured at room temperature. In most cases, the measurement started at 4-18 min after injection and continued for 40 min at 20-sec intervals.
Pronuclear transplantation
To examine for the presence of an SOAF in the pronuclei of oocytes injected with frozen-thawed spermatids, we transferred these pronuclei into freshly recovered unfertilized oocytes. The medium for micromanipulation was Hepes-CZB containing 6.6 μg/ ml cytochalasin B. A pronucleus removed from the donor oocyte was inserted into the perivitelline space of a recipient oocyte with about 25 pl HVJ (GenomeONE-CF, Ishihara Sangyo, Osaka, Japan) using a Piezo micromanipulator. At 2 h after injection, the oocytes were fixed with 2.5% glutaraldehyde, processed for wholemount preparation [23] , and their stages were assessed under a phase-contrast microscope. Oocytes that proceeded to telophase II or further were considered to activated.
Statistical analysis
The results were evaluated using Fisher's exact probability test, and P<0.05 was considered statistically significant.
